A pronounced interaction between calcium, magnesium, and boron was found in growth studies with Pinus radiata cell cultures. Quantitative isoactivity data for the interaction was analyzed in terms of selected simple and plausible theoretical models. The data was found to be consistent with a model in which a critical acceptor molecule is activated only by binding both Ca and B at separate sites; Mg competitively displaces Ca to inactivate the acceptor. It was found that B is, surprisingly, not bound strongly (Kdi,5 = 450 ± 80 micromolar) and that the affinity for Ca is two orders of magnitude stronger than for Mg. Therefore only a small proportion of the acceptor will be boronated under natural conditions. Moderate levels of mannitol were found to aggravate B deficiency due to its effective removal by direct chemical complexation. At higher concentrations of mannitol (or other sugars), where osmotic contribution is significant, little B was needed to overcome growth inhibition-a result consistent with B having a primary role in cell wall biosynthesis.
As noted in a review by Gupta (8) , boron (B) deficiency is more extensive than deficiency of any other micronutrient, affecting many species in most parts ofthe world. B deficiency in stands of Pinus radiata trees is recognized as a major cost to forestry in Australia, causing dieback, stem malformation, and poor tree form (3) .
Despite considerable research effort extending over half a century, the primary biochemical role of B remains unclear. It has been implicated in roles such as auxin function (7), DNA biosynthesis (11, 13) , membrane function (6, 15) , cellulose biosynthesis (5), lignin biosynthesis (12) , and cell elongation (1) . No B-macromolecule complex has yet been isolated, and it has not been possible to determine whether the observed effects are primary or secondary consequences of B deficiency.
In studies of the mineral nutrition of Pinus taeda cells growing in suspension culture, a surprisingly high requirement for B was found, whereas such a high B supply was subse- ' This research was supported by the Rural Credits Development Fund grant CAE/8663, Australian Research Grants Scheme award A085 15299, and The Pine Research Fund. 2 Present address: School of Applied Science, Gippsland Institute of Advanced Education, Switchback Road, Churchill, Vic 3842, Australia. quently found unnecessary for culture of P. radiata cells in a different (P6) medium (19) . It was considered unlikely that there would be an intrinsic biological difference between the B requirements of these two systems, so that differences in the media formulations were considered. The most significant differences between the two basal media were a low level of Ca (0.15 mM) and high Mg (7.5 mM) in the L medium employed with P. taeda cells, compared with more standard levels of these ions found in the P6 medium.
It was unclear from the published literature whether these compositional characteristics of the L3 medium account for the high B requirement. An interaction between Ca and B is recognized from field application studies, but this is a negative interaction with high Ca (as lime) inducing B deficiency (8) . Gupta and Macleod (9) report that this effect is due to an increase in soil pH rather than elevated [Ca] , with CaSO4 not inducing B deficiency. As reported in Gupta's review (8) , Wolf (20) found that Mg had a greater effect on lowering B concentrations in plants than did Ca. An analysis of nutrient levels in sugarcane leaf tissue (2) showed that B levels were correlated positively with Ca but negatively with Mg. Yamauchi (21) reported that B deficiency induced a decrease in the amount of Ca associated with pectin constituents of cell walls in tomato leaves. An interaction between Ca, Mg, and B therefore remained an open possibility. We report here exploration of this possibility using the growth of cell-suspension cultures of P. radiata in a manner reminiscent of earlier studies of copper nutrition (17) . This approach has the benefit of using a precisely quantified growth measurement as a physiological response, thereby avoiding the difficulties of trace B estimation. More importantly, when B is growth limiting, such measurements provide an indirect means to assay the activity of the unknown B-requiring step that is metabolically essential through analysis of these growth data in a novel way, avoiding confusion with B esterified nonphysiologically to various sugars and carbohydrates. Thus, it represents a different approach to the study of B and provides new insights into what is, after 60 years of research, an elusive process in plant nutrition. It was found that both Ca and B must be bound to the acceptor concurrently for activity and that B is bound surprisingly weakly (Kdis = 450 ± 80 ,uM), with Ca exhibiting binding two orders of magnitude more 'Abbreviations: L medium, Litvay medium; MS, Murashige and Skoog medium. A simple explanation for the observed interaction involving B is that growth is limited by a critical metabolic step, wherein an acceptor molecule is activated by the joint binding of both Ca and B at separate sites, and that Ca is competitively displaced by Mg. Quantitative descriptions can be obtained for various models of such an interaction, but developing a correspondence between these models and experimental data is more hazardous than perhaps might be expected. The pattern of cell growth, irrespective of whether it be of a simple exponential type or some more complex behavior, may change not just quantitatively but also in character when growth is limited by a particular metabolic process. Moreover, a correspondence between growth rate (under supposedly Blimiting conditions) and activity of the acceptor is complicated by the appearance of maximum growth not being indicative of a point of B saturation, but rather the encountering of other growth-limiting factors.
Analysis Using Isoactivity Approach
One novel approach which circumvents essentially all of the above-mentioned difficulties is to determine a set of various concentrations of the interacting nutrients which all result in the same level of acceptor activity (f) and consequently result in identical growth responses within a single experiment; that is, combinations of nutrient concentrations which result in "isoactivity." The relationships between the different nutrient concentrations necessary to attain a set of isoactivity conditions can therefore be quantitatively interpreted in terms of the relevant binding processes and constants, assuming equilibrium occurs. This approach may be applied to various conceptual models of the interaction. In the "Appendix" are presented fairly complete mathematical descriptions of two models having particular relevance to the present study.
From the perspective of data analysis, the simplest of the two models under consideration is that where the binding of Ca occurs only after B has first bound and is therefore termed the sequential model. It is predicted (Eq. 13) that with con- 3 .21 mg * mL-') was selected in order to intersect all the curves in a responsive region and close to primary data points so as to minimize interpolation errors. This data set was used to construct a plot of [Mg] versus l/[B], in accordance with Equation 13 for the sequential model, as shown in Figure 3 . This plot is markedly nonlinear, so that the sequential model was rejected as clearly inconsistent with the experimental data of Figure 2 .
The second model differs from the sequential model in that the two sites for binding of Ca Figure 4 is shown the plot obtained with the K, value of 480 Mm which yielded a line of gradient 9.69 mm with r2 = 1.000 and T= 244. To obtain an indication of the error involved in the K, estimate, two additional data Figure 5 . The sucrose concentration was halved to 0.044 M when mannitol was added, so that at the lowest mannitol concentration the medium had the same osmolarity as the control (MS) medium. Control experiments (data not shown) indicated that the lowering of sucrose did not of itself affect growth under the experimental conditions employed, which included harvesting before cell density had approached half the likely maximum of 15 mg mL-'. It is seen for the curve with [mannitol] = 0.044 M that the deficiency is aggravated, which is the expected result due to the lowering of free B through complexation with mannitol. Contrary to expectations, a further threefold increase in the mannitol concentration to 0.132 M alleviated to a considerable extent the growth inhibition caused by B deficiency. An almost identical result was obtained with sorbitol (data not shown) which indicated that this amelioration is not a specific effect of mannitol. Simple calculation according to binding equilibria also showed that this could not be due to B contamination of the added mannitol.
One plausible interpretation is that the total osmolality of the medium (0.274 osm) is sufficient to significantly support a weakened cell wall-a recognized effect of B deficiency. Consistent with this interpretation is the observation that suspension-cultured cells used in this study were extensively autolysed after culture under B deficiency conditions. While the osmotic support should protect against immediate cell lysis, there is serious risk that the culture regime will inhibit the regeneration of new cell walls so that inadvertent B deficiency may indeed contribute to failure in protoplast culture, particularly where [Ca] is also low. (3) , so that the acceptor may be closer to being saturated with B. Nevertheless, the B concentrations used in tissue culture are usually not growth limiting, so it seems that only a small proportion of the total amount of acceptor need be active. The acceptor may serve other biological functions in its non-boronated form, or the process may simply be inefficient. That is, such a low binding affinity may be an intrinsic feature of the metabolic role of the acceptor, or may in fact be a biological imperfection reflecting what is possibly the most recently evolved biological binding site for an inorganic compound.
It is a clear assumption of this analysis that equilibrium in the binding processes has been reached. If the acceptor is located intracellularly, then either the concentrations of B, Ca, and Mg in the cytoplasm (or organelles) are identical to those in the extracellular medium, or defined concentration gradients exist across the various cell membranes. In the latter case the estimates for binding constants will be proportionately changed, which possibly could account for the high dissociation constant for B.
If the B acceptor is located in the cell wall, as is indeed the view of the present authors, there is little doubt that effective equilibrium will be reached in the time scales involved in cell growth. However, the chemical environment the acceptor faces will not simply be that of the external medium. Fixed anionic charges on cell wall polymers will lead, through electrostatic attraction and specific binding, to a local accumulation of cations significantly above those in the external environment (16) . Thus, the levels of ionic Mg and Ca in the cell wall region (in addition to bound Ca and Mg) will be markedly elevated above those specified in the culture medium. The analysis above has not attempted to estimate the individual constants for binding of Ca and Mg to the B acceptor, but merely their ratios to one another using the arbitrarily assumed value 4' = 0.5, and this only as a matter of secondary importance. With regard to local distortion in [B] , this nutrient exists at all physiological pH values as the unionized boric acid (H3BO3) species and consequently the local concentration of free B within the cell wall is not expected to be affected by ionic groups on cell wall polymers, but will equal that in the bulk medium. Thus, such consid-erations of cell wall binding are not expected to affect the primary conclusions of this study.
No assumptions have been made about the size or composition of the acceptor molecule. This biomolecule could therefore be a critical metabolite or a macromolecule such as a structural carbohydrate rather than an enzyme or other protein. The only size requirement is that it should be large enough to accommodate separate binding sites for Ca and B. The weak binding of B also has implications for any attempts to isolate the B-acceptor complex. B deficiency symptoms are evident in cultures of pine cells after 36 h, so that when free B is removed, the B-acceptor complex is unlikely to be kinetically stable for 24 h. Accordingly, the complex will dissociate ifattempts are made to purify it in the absence of B. However, the concentration of acceptor in any cell extract is unlikely to reach the level (>450 gM) necessary to ensure most of the acceptor exists as B-complex, and consequently the high background of B will prohibit identification of a B-rich fraction. In the absence of an alternative detection system, the main prospect for purification seems to be in the complex having sufficient kinetic stability so that integrity is retained in the absence of B for the duration of fractionation steps, followed by analysis for B-containing fractions. The presence of high [Ca] throughout purification is also advised in light of this study.
The indication that B deficiency effects may be countered by provision of osmotic support is consistent with the primary role of B being in cell wall biosynthesis. It is more difficult to envisage how osmotic support can offset defects in membrane integrity or DNA biosynthesis, so that the effects of B deficiency on these processes are likely to be secondary. Reports of roles of B in cellulose biosynthesis (4, 5) and in association with cell wall pectins (21) [B] ) plot used with the preceding data to subsequently estimate the individual values of K2 and K3. The errors incurred with these serial calculations will compound so that it is potentially hazardous to manipulate data to the extent needed for such parameter estimates.
The Sequential Model
This model differs from the independent site model in that Ca and Mg bind only to species PB, and not to P, with the equilibria described by the set of equations below. behaving in accordance with the independent site model, and provides an explicit means of distinguishing between the two models.
